Pheochromocytoma is a chromaffin cell neoplasm that typically causes symptoms and signs of episodic catecholamine release. Pheochromocytoma can be divided into two types: familial and sporadic. The molecular mechanisms involved in familial pheochromocytoma have been unraveled, but the detailed molecular mechanism of sporadic pheochromocytoma remains unknown. The present study thus aimed at characterization of gene expression profiling of sporadic pheochromocytoma using expressed sequence tags (ESTs), and established a preliminary catalog of genes expressed in the tumor. In total, 4115 ESTs were generated from the tumor library. The gene expression profilings of the pheochromocytoma and the normal adrenal gland were compared, and 341 genes were identified to be significantly expressed differently between the two libraries. Interestingly, 16 known genes participating in cell division or apoptosis were notably differently expressed between the tumor and the normal adrenal gland. Twenty-four novel full-length cDNAs were cloned from the tumor library and five of them were significantly up-regulated in the tumor. Some of them may be involved in the tumorigenesis of pheochromocytoma.
Introduction
Pheochromocytoma is a chromaffin cell neoplasm that typically causes symptoms and signs of episodic catecholamine release. In recent years, several of the molecular mechanisms involved in familial pheochromocytoma have been unraveled. RET oncogene mutations and von Hippel-Lindau (VHL) gene inactivation may be the pathogenic factors of multiple endocrine neoplasia-2 and VHL disease respectively (Smith et al. 1997 , Koch et al. 2002 , 2003 . Although it has been reported that RET oncogene (Smith et al. 1997 ), c-erbB-2 (Castilla-Guerra et al. 1997 ), p53 (de Krijger et al. 1999 and bcl-2 (Wang et al. 1997 ) may be related to the pathogenesis of certain sporadic pheochromocytomas, the detailed molecular mechanism remains unknown. In recent years, our laboratory has established the gene expression profilings of the hypothalamus-pituitary-adrenal axis (Hu et al. 2000) , CD34( + ) hematopoietic stem/progenitor cells (Mao et al. 1998) , and liver and hepatocellular carcinoma (Xu et al. 2001 ) by using expressed sequence tags (ESTs). In the present work, a relatively large-scale generation of ESTs was conducted in combination with analysis using bioinformatics tools. A preliminary catalog of genes expressed in sporadic pheochromocytoma was established and compared with that of the normal adrenal gland to identify the genes which may contribute to the tumorigenesis of sporadic pheochromocytoma.
Materials and methods

RNA extraction
Pheochromocytoma tissue was removed from a male patient aged 30, who had developed a typical sporadic pheochromocytoma in the left adrenal gland. The normal adrenal gland tissue was obtained from a male person aged 35 who had died in a traffic accident. Total RNA was extracted from frozen tissue, and the selection of poly(A) RNA was performed by using oligo(dT) (Qiagen, Chatsworth, CA, USA).
cDNA library construction
cDNA synthesis was performed with a SMART PCR cDNA library construction kit (Clontech, Palo Alto, CA, USA) or by using conventional procedures (Mao et al. 1998 , Hu et al. 2000 . The libraries of the pheochromocytoma and the normal adrenal gland were named cdA and AD respectively.
DNA sequencing
Bacteria growth and plasmid extractions were performed in a 96-well format (Qiagen). Sequencing reactions were performed on a 9600 Thermal reactor (Perkin-Elmer, Boston, MA, USA), and partial cDNA sequencing of each clone was taken from the 5′ end. The reaction products were analyzed by using an ABI 377 or 3700 (Perkin-Elmer) or MegaBACE (Amersham Pharmacia) DNA sequencer.
Data collection and analysis
Quality assessment and quality base trimming of ESTs were performed by using PE SEQUENCING ANALYSIS (version 3.0, Applied Biosystems) and PHRED (Pangea Systems Inc). 'Good' sequences referred to those sequences containing less than 3% ambiguous bases that were longer than 100 bp. ESTs were considered as parts of known genes if they shared at least 95% homology over at least 100 bp of DNA sequences with a BLAST search (Mao et al. 1998 , Hu et al. 2000 . ESTs corresponding to known genes were divided into eight categories according to the gene functions as proposed in the literature: cell division (G1), cell signaling/cell communication (G2), cell structure/motility (G3), cell/organism defense (G4), gene expression (G5), protein synthesis (G6), metabolism (G7) and unclassified (G8) (Mao et al. 1998 , Hu et al. 2000 , Zhang et al. 2000 .
Novel full-length cDNA cloning
The EST clones corresponding to previously undefined genes were candidates for novel full-length cDNAs cloning. The clone inserts were sequenced with end sequencing, primer extension, and sequencing after partial deletion/subcloning. Autoassembler (Perkin-Elmer) was applied to assemble the sequences into contigs (a set of gel readings that are related to one another by overlap of their sequences). DNA strider 1.2 (Christian Marck, Cedex, France) was employed to analyze the open reading frame (ORF). For those clones containing partial reading frame, in silico EST assemblies were performed.
Structure and function analysis with bioinformatics
All amino acid sequences encoded by our cDNAs were searched in the nucleic acid sequence sub-databases of some 622 www.endocrinology.org important model organisms such as Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila, Arabidopsis and Mus musculus with tblastn (http://www.ncbi.nlm.nih.gov/ BLAST). In this study, two amino acid sequences were considered as homologs when they shared a similarity > 25% over a region of 50-100 amino acids and the Z-score value was > 200 (Zhang et al. 2000) . Based on the percentages of sequence identity, these homologs were divided into three groups: 25-50%, 50-75%, 75-100%. Signal P (http:// www.cbs.dtu.dk/services/Signal P-2.0) and TMHMM (http:// www.cbs.dtu.dk/services/TMHMM-2.0) were used to predict the signal peptide and the α-helix transmembrane domains in those novel ORFs so as to explore the secreted or membrane-anchored proteins (Zhang et al. 2000) . Then the sequences of the novel full-length cDNA were searched out of the EST database of our own (http://www.chgc.sh.cn/ database) and the expression copies in cdA and AD libraries were analyzed.
Statistical analysis
The copies of ESTs which match certain UniGene (www.ncbi.nlm.nih.gov/UniGene) were considered as the gene expression abundance in cdA and AD libraries. Fisher's exact test was applied to test the difference of gene expression abundance and the difference was significant with P value less than 0.05 (Audic & Claverie 1997) .
Results
Gene expression profiling of pheochromocytoma
Partial cDNA sequence of each clone was taken from the 5′ end by using appropriate primers, generating 4115 ESTs of good quality (http://www.chgc.sh.cn/database). The sequences were divided into three groups. The first group included sequences identical to known genes in Genebank. The second group contained sequences matching with the sequences in dbEST (www.ncbi.nlm.nih.gov/dbEST), and the third group comprised sequences not present in the public database and thus could be temporarily considered as novel ESTs. As a result, 54.5% (2242 clones) were identical to known genes in Genebank. These sequences were assembled into 1064 clusters, representing the same number of genes; 35.5% (1462 clones) were matched with the sequences in dbEST and 10% (411 clones) were truly novel ESTs. The classification of the known genes showed that the proportions of G1, G2, G3, G4, G5, G6, G7 and G8 were 6.8, 17.7, 7.1, 8.3, 4.7, 10.7, 15 .5 and 29.5% respectively. The categories of genes most strongly expressed were those of unclassified genes, which were higher than those of a normal adrenal gland library (16.7%). The category of genes involved in cell division expressed in the cdA library was less than that in the AD library (6.8 and 14.8% from cdA and AD respectively) (P < 0.05). The category of genes participating in signal transduction expressed in cdA was similar to that in AD (17.1%) (Fig. 1) .
Genes with significantly different expressions between pheochromocytoma and normal adrenal gland
It was shown previously that 8114 EST sequences of good quality were obtained from the AD library and 4476 clones (55.2%) matched the known genes (Hu et al. 2000) . We compared the known genes from the two libraries and found that 341 ESTs were expressed differently between the two libraries (P < 0.05). Table 1 lists 39 genes of significantly different expressions between the two libraries when P < 0.001. Among them, the numbers of up-regulated or down-regulated genes were 25 and 14 respectively. Interestingly, some genes with unknown functions, such as PRO2760, cDNA FLJ20834 fis, KIAA0018, were notably up-regulated or down-regulated in the tumor.
Known genes involved in cell division with significantly different expressions between the two libraries
It is well known that the genes involved in cell division and apoptosis play an important role in tumorigenesis. Table 2 showed that 16 known genes participating in cell division or apoptosis were expressed significantly differently between the pheochromocytoma and normal adrenal gland (P < 0.05). Retinoblastoma protein (Rb)-binding protein (RbAp46), 13 kDa differentiation-associated protein, neuronal apoptosis inhibitory protein (NAIP), par-4 might play a certain role in the tumorigenesis of pheochromocytoma.
Cloning of the novel full-length cDNAs
Sequences of cDNA clones representing 675 EST clusters of undefined genes were obtained. Those clones with www.endocrinology.org 623 continuous sequences encoding at least 100 amino acids (with an exception of few smaller ORFs bearing very high homology to the known small genes) were checked for the presence of putatively entire ORFs using the following criteria. First, when a sequence had high homology to a known gene, its ORFs were compared with each other. If the amino acid sequences of both ORFs initiated by an ATG codon could be reasonably aligned, the ORF contained in the novel gene cDNA was defined as a putatively complete one. Secondly, those sequences without homology to known genes were searched for in-frame stop codons upstream of an ATG codon-initiated ORF of > 100 amino acids. If no such stop codon was found ahead of an ORF, the nucleic acid sequence flanking the first ATG should bear similarity to the well-conserved KOZAK motif (Kozak 1986 , Audic & Claverie 1997 . The above analysis revealed that 24 of our EST clusters might contain an entire ORF.
Structure and functional analysis with bioinformatic prediction
It is well accepted that homologous genes often share similarities at sequence and/or functional levels. Members belonging to the same gene families could be assumed/determined with this strategy and conserved genes often show conserved sequence elements within the important functional domains or motifs. Based on this consideration, putative ORFs from model organisms with completed genome sequence, including S. cerevisiae, C. elegans, Drosophila, Arabidopsis and Mus musculus were retrieved to compare the amino acid sequence similarities with those of the present study (Table 3) . Among the 24 cDNAs, only one shares similarities in the coding sequences with all species examined, indicating that it is a well-conserved gene and important for cell life. A total of 18 cDNAs contained ORFs with > 25% similarity in the sequences with at least one species. The fact that six cDNAs had so far no obvious similarity to any genes across different species implied that they might be functionally specific genes acquired relatively late during evolution. In analyzing the signal peptide and the transmembrane domains, one ORF (cd001) had a putative signal peptide and six ORFs had transmembrane domains. In addition, five novel full-length cDNAs were significantly differently expressed between the pheochromocytoma and the normal adrenal gland. Especially, CDA01 (AF212240), which was notably differently expressed between the two libraries, had four transmembrane helices and had no obvious or very low similarity to any genes of model organisms examined.
Discussion
In recent years, several of the molecular mechanisms involved in familial pheochromocytoma have been unraveled. But the pathogenesis of sporadic pheochromocytoma remains unknown. The present study thus aimed at characterization of gene expression profiling of sporadic pheochromocytoma by using ESTs analysis and comparison with that of the normal adrenal gland. Among the 341 genes differently expressed between the two libraries, certain genes involved in the synthesis of steroid hormone such as type II 3-beta hydroxysteroid dehydrogenase/5-delta-4-delta isomerase, cytochrome P450c17 and steroid 21-hydroxylase A were specifically expressed in the cortex of the adrenal gland and absent in pheochromocytoma. The most significantly upregulated gene was beta-2-microglobulin (B2M). Previous 624 www.endocrinology.org researches showed that some neuroendocrine tumors such as neuroblastoma, bronchial and midgut carcinoid tumors lack B2M expression, whereas some tumors such as pheochromocytoma, medullary thyroid carcinoma and peripheral neuroectodermal tumors usually stained positively (Funa et al. 1986) . Selective up-regulation of B2M expression in pheochromocytoma appears to be a phenomenon of biological and diagnostic importance. It has been reported that cathepsin B transcripts were overexpressed in glioblastoma cell lines and inhibition of cathepsin B activity may be proven useful in cancer therapy (Konduri et al. 2001) . In the present study, cathepsin B and cathepsin L transcripts were overexpressed in the pheochromocytoma, suggesting that they might contribute to the tumorigenesis. To our interest, some novel genes with unknown function such as PRO2760, cDNA www.endocrinology.org FLJ20834 fis, KIAA0018 were notably up-regulated or down-regulated in the tumor, suggesting that they might be involved in the pathogenesis of pheochromocytoma and are worthy of further investigation.
The genes involved in cell division and expressed significantly differently between the two libraries may play an important role in tumorigenesis. Among them, RAN is a member of the Ras oncogene family (Yokoyama et al. 1995) . Ran/TC4 is a small nuclear G protein that forms a complex with chromatin-bound guanine nucleotide release factor RCC1, which is a protein whose function is required for the normal coupling of the completion of DNA synthesis and initiation of mitosis. Transient expression of a Ran/TC4 protein with mutations expected to perturb GTP hydrolysis disrupts host cell DNA synthesis (Ren et al. 1993) . RbAp48 and RbAp46 are quantitatively the major Rb-associated proteins. RbAp48 was characterized previously and was found to be related to MSI1, a negative regulator of Ras in the yeast S. cerevisiae. Previous research has suggested that RbAp48 and RbAp46 may have shared unique functions in the regulation of cell proliferation and differentiation (Qian & Lee 1995) . Stable transfection of NIH3T3 cells with human pituitary tumor transforming gene (hPTTG) cDNA caused anchorageindependent transformation in vitro and induced in vivo tumor formation when transfectants were injected into athymic mice (Zhang et al. 1999) . The finding that hPTTG is strongly expressed in the pheochromocytoma suggests that it may be involved in the tumorigenesis. The Fos gene family consists of four members: FOS, FOSB, FOSL1 and FOSL2. These genes have been implicated as regulators of cell proliferation, differentiation, and transformation. In some cases, expression of the FOS gene has also been associated with apoptotic cell death (Kumari & Alvarez-Gonzalez 2000) .
Inhibition of apoptosis is another important mechanism of tumorigenesis. The human NAIP gene has been discovered as a candidate gene for spinal muscular atrophy, a genetic disorder characterized by motor neuron loss in the spinal cord. Previous observations showed that NAIP overexpression impaired nerve cell growth factor (NGF)-induced neurite outgrowth. The baculovirus inhibitor of apoptosis repeat (BIR) domains of NAIP were essential in preventing apoptosis in PC12 cells after NGF deprivation or tumor necrosis factor (TNF)-α receptor stimulation (Gotz et al. 2000 , Roy et al. 1995 . In pheochromocytoma, NAIP is significantly up-regulated, that NAIP may lead to a failure of normal apoptosis of pheochromocytes resulting in or contributing to the tumorigenesis of pheochromocytoma. PAWR is also called prostate apoptosis response protein-4 (par-4). Par-4 contains a putative leucine zipper domain and is specifically up-regulated during apoptosis of prostate cells. The loss and/or imbalance of the dual transcriptional activity of WT1 may contribute to Wilms' tumor. Par-4 augmented WT1-mediated repression and rescued growth suppression caused by WT1 (Johnstone et al. 1996) , suggesting that par-4 expressed strongly in the pheochromocytoma may participate in cell proliferation of the tumor. The platelet-activating factor receptor protects epidermal cells from TNF-α-induced apoptosis through an NF-κB-dependent process (Southall et . 2001) . These anti-apoptotic effects might play a certain role in the pathogenesis of pheochromocytoma.
Cloning of full-length cDNA based on EST analysis in different tissues represents a useful approach for gene identification. In a strict sense, a full-length cDNA should cover both the ORF and the complete 5′ and 3′ UTR. However, as the most important functional information of an mRNA is contained in the ORF, cDNAs containing entire ORFs are often considered as being of full-length. In the present work, 24 novel full-length cDNAs were cloned from the pheochromocytoma library and the structural and functional characteristics of each ORF were analyzed with the currently available bioinformatic tools. To our interest, five novel full-length cDNAs were significantly differently expressed between the pheochromocytoma and the normal adrenal gland. Especially, CDA01, which was notably differently expressed between the two libraries, had four transmembrane helices and had no obvious or very low similarity to any genes of model organisms examined. These observations suggest that it might be a novel receptor or an ion channel and it might be involved in the tumorigenesis of pheochromocytoma. Certainly, the conclusions derived from bioinformatics need to be confirmed by further experiments in future research.
The sequence data of ESTs and novel full-length cDNAs described in this paper have been submitted to the GeneBank library.
